This study evaluated the tarnish resistance of eight experimental Pd-free Ag-Au-Pt-Cu dental alloys in a 0.1% Na2S aqueous solution at 37°C. Color measurements of the plate samples were made using a computerized spectrophotometer before and after immersion in the test solution for up to 72 hours. Tarnish discoloration was evaluated using the color difference vector, ΔE*, in the CIELAB color space. Microstructural observation of each sample through an optical microscope revealed the matrix phase as the major constituent and second-phase small grains in the matrix phase. Selective tarnish discoloration occurred in the matrix, and fractional area of the matrix to the whole surface area was influenced by the sum of Au and Ag concentrations. The ΔE* value significantly decreased with increasing Au/(Au+Ag) atomic ratio. In conclusion, the Au/(Au+Ag) ratio in an alloy and the fractional area of the matrix were found to be primary and auxiliary factors affecting the tarnish resistance of the experimental alloys.
INTRODUCTION
Dental precious metal alloys have been used in clinical dentistry as restorative materials because of their excellent mechanical properties and long-term durability in the oral environment.
Palladium is usually contained in dental precious metal alloys because it is known to be effective in grain size refinement, hence a boon to increasing the hardness of alloys 1) . On another critical benefit of palladium for alloys, Lang et al. 2) demonstrated that palladium was more effective than gold in improving tarnish resistance.
With regard to the contribution of palladium in inhibiting the tarnishing of precious metal alloys by sulfide, Suoninen et al. 3) examined the effectiveness thereof by carrying out an experiment using Au-Ag-Cu alloy with a small addition of palladium intended for dental castings. By means of X-ray photoelectron spectroscopy analysis, they reported that it was possible that the active sites for sulfide formation on the Au-Ag-Cu alloy were preferentially blocked by the palladium atom 3) . While palladium is a boon to silver-based alloys in that it dramatically improves their tarnish and corrosion resistance, it can be a bane due to both inherent and external factors. On the inherent factor of palladium, Wataha and Hanks 4) reported that in an ionic form and at sufficiently high concentrations, palladium almost always triggered allergic reactions in individuals who were sensitive to nickel. On the external factor related to the supply and price of palladium, the limited supply of palladium has led to volatile price fluctuations and hence uncertainty on the part of dental alloy manufacturers about their stable supply of Pd-containing dental alloys into the market 5) . Therefore, from the dual perspectives of improved biocompatibility and the assurance of a stable supply of dental precious metal alloys to the market, it is definitely meaningful to develop Pd-free dental precious metal alloys.
Platinum was a popular element in dental gold alloys, and it was usually contained in a small amount in dental casting gold alloys 6) . Therefore in this study, we designed quaternary Ag-Au-Pt-Cu alloys of which the gold content approximately corresponded to those of low-karat gold alloys in the current dental market. However, as these experimental alloys did not contain palladium, there were concerns about their chemical stability and tarnish resistance. In view of these concerns, it was thus deemed necessary to investigate the tarnish behavior of these experimental alloys since chemical stability was one of the most important properties of dental materials.
For low-gold alloys, tarnish is minimized by a homogeneous microstructure and a high nobility 7) . In a study by Treacy and German 8) , tarnish testing of five gold-based commercial dental alloys was performed using various test solutions. It was found that the ratio of elements in the alloy was one key factor which affected the latter's tarnish resistance 8) . Moreover, it was reported that an examination of the microstructure provided more insight on the tarnish behavior. In another study by Ohta et al. 9) which focused on the effect of microstructure on tarnish resistance, it was found that palladium-bearing alloy showed no increase in the degree of tarnishing by phase separation, though the tarnishing susceptibility of dual-phase Au-Cu-Ag alloy was twice as high as that of single-phase alloy.
In this study, the objective was to investigate the effects of chemical composition and microstructure on the tarnish behavior of experimental Ag-Au-Pt-Cu dental alloys -which contained no palladium-in a 0.1% Na2S aqueous solution. Table 1 lists the nominal compositions of the eight experimental Ag-Au-Pt-Cu quaternary alloys designed in this study. They were divided into three groups according to their copper content, where alloys in Group 1 contained 10 at% Cu and alloys in Groups 2 and 3 contained 15 and 20 at% Cu contents respectively.
MATERIALS AND METHODS

Preparation of experimental Pd-free alloys
As for the sum of Au and Ag concentrations in each group, they were 80, 75, and 70 at% in Groups 1 to 3 respectively (Table 1) .
Appropriate amounts of pure metal components were accurately weighed and melted in a high frequency induction furnace under argon atmosphere. The ingots obtained were subjected to alternate cold rolling and annealing heat treatment at high temperatures, thereby producing plate samples of 10×10×0.5 mm 3 dimensions.
Upon analysis, the compositions of all the prepared alloys were found to be close to the nominal compositions listed in Table 1 . The Au/(Au+Ag) ratios in the right column were calculated from the analyzed compositions in atomic percent.
Tarnish evaluation
Three plate samples from each alloy were subjected to solution heat treatment at 850ºC for 30 minutes under argon atmosphere and then quenched into ice brine. They were individually embedded in an epoxy resin and mechanically ground using waterproof abrasive papers down to 2000-grit. The samples were then mirror-polished using 0.3-and 0.06-µm alumina suspensions. Eight 100-mL containers containing 50 mL of a 0.1% Na2S aqueous solution were prepared, whereby each specimen was placed with its polished face up on the bottom surface of the container. The containers were sealed and kept at 37ºC in a constant temperature water bath.
Color measurements of the samples were made using a computerized spectrophotometer (CM-3600d, Konica Minolta Sensing, Inc., Osaka, Japan) before and after immersion in the test solution for 24, 48, and 72 hours. After the specimens were removed from their test solutions, they were rinsed with pure water and dried with an air jet. Sample measurement area was 7 mm in diameter and after color measurement, each specimen was returned to its container that had been emptied and filled with a fresh test solution. The Commission Internationale de l'Eclairage (CIE) L*a*b* color system was used to evaluate the tarnish discoloration of the samples. Color difference, ∆E*, was calculated according to the following equation:
(1)
In this equation, ∆L*, ∆a*, and ∆b* are the differences in the color coordinates on the threedimensional CIELAB uniform color space of the sample before and after immersion in the test solution.
Optical microscopic observation
After tarnish evaluation, the microstructures of all the experimental alloys were examined using an optical microscope (Nikon Eclipse TE200, Nikon Corp., Tokyo, Japan) and their images were captured. To evaluate the fractional area of the matrix to the whole surface area, the captured images were transformed into blackand-white images by a threshold method. Fractional area of the matrix to the whole surface area in each binary image was then computed using a fractal dimension calculation program, Fractal 3.4.8, which was provided by the National Agriculture and Food Research Organization in Japan.
Data were statistically analyzed using Student's t-test to determine significant differences among Groups, 1, 2, Table 1 Nominal compositions of the experimental alloys designed in this study and 3 of the experimental alloys.
RESULTS
Tarnish discoloration
For each sample, its degree of tarnish discoloration was evaluated based on the color change from its initial state. Figure 1 shows the variations of color difference, ∆E*, with immersion time -up to 72 hours-for all the alloys in the test solution. By comparing the observed ∆E* values in Fig. 1 with Au/(Au+Ag) atomic ratios in Table 1 , it was found that the ∆E* value significantly decreased with increasing Au/(Au+Ag) atomic ratio in each group with the same Cu content. This trend indicated that increases in Au/(Au+Ag) atomic ratio markedly improved the tarnish resistance. Moreover, the degree of decrease in ∆E* value was greater in Group 1 (alloys A, B, and C) than in Groups 2 (alloys D and E) and 3 (alloys F, G, and H). This meant that the effect of Au/(Au+Ag) atomic ratio on tarnish resistance was particularly greater in Group 1 alloys than in the alloys of Groups 2 and 3. Figure 2 shows the effects of Au/(Au+Ag) atomic ratio on ∆L*, ∆a*, and ∆b* values after 72-hour exposure to the test solution for all the experimental alloys. The ∆a* and ∆b* values were not greatly affected by Au/(Au+Ag) atomic ratio, but the ∆L* value substantially decreased with increasing Au/(Au+Ag) atomic ratio.
These results indicated that the Au/(Au+Ag) atomic ratio greatly influenced the ∆L* value. Figures 3(a) and (b) are the optical images of the microstructures of two experimental alloys B and F respectively after 72-hour exposure to the test solution. In these images, as well as those for the other experimental alloys, a two-phase structure consisting of the matrix and second-phase small grains was observed. The matrix suffered selective tarnish attack, but the second-phase small grains were spared from the attack. Figures 3(a′) and (b′) show the black-and-white images of alloys B and F respectively after 72-hour exposure to the test solution.
Optical microscope images of the discolored surfaces
Fractional area of the matrix
They were obtained after transformation using a threshold method. According to these black-and-white images, a difference in the fractional area of the matrix was detected between alloys B and F, although these alloys had a considerably similar Au/(Au+Ag) atomic ratio as shown in Table 1 .
For all the experimental alloys, the fractional areas of their matrices -which were estimated using their black-and-white images-were plotted against their (Au+Ag) concentrations in at% in Fig. 4 . It is clearly seen that the fractional areas of the matrices of Group 1 and Group 2 alloys were considerably larger than those of Group 3 alloys. Statistical analysis using Student's t-test further showed that the fractional areas of the matrices of Group 3 alloys were significantly different (p<0.05) from those of Groups 1 and 2. In particular for alloys B and F, the fractional area of the matrix in alloy F was approximately 20% lower than that in alloy B.
DISCUSSION
In the present study, the experimental alloys were of a two-phase structure which comprised a matrix phase as the major constituent and second-phase small grains in the matrix phase. According to the authors' previous study using electron probe microanalysis, it was found that the matrix was rich in Ag and Au while the secondphase small grains were rich in Pt and Cu 10) . The PtCu-rich second-phase grains were well protected from the tarnish attack in all the samples, as shown in Fig.  3 . To confirm the highly tarnish-resistant nature of the Pt-Cu-rich phase, an equiatomic PtCu binary alloy was prepared as a simplified model of the Pt-Cu-rich phase and its tarnish resistance was evaluated in the same manner. As given in Fig. 1 , the obtained ∆E* value for the PtCu alloy was smaller than 1. Therefore, it was suggested that the tarnish resistance of the quaternary Ag-Au-Pt-Cu alloys designed in the present study would principally depend on the tarnishing behavior of the AgAu-rich matrix phase. As for the deposit formed on the Ag-Au-rich matrix, it was most probably silver sulfide based on the experimental setup of the present study for the tarnishing environment [11] [12] [13] . After 72-hour exposure to the test solution, the ∆E* values of all the Ag-Au-Pt-Cu alloys were plotted against their Au/(Au+Ag) atomic ratios in Fig. 5 . In this figure, three regression curves were drawn according to the three alloy groups mentioned previously, namely Groups 1 to 3. Within each group, the ∆E* value significantly decreased with increasing Au/(Au+Ag) atomic ratio. Notably, the degree of decrease for ∆E* was the sharpest in Group 1, indicating that the effect of Au/(Au+Ag) atomic ratio on tarnish resistance was particularly pronounced in the low Au/(Au+Ag) atomic ratio range. Figure 6 , on the other hand, shows the variations of ∆L* with Au/(Au+Ag) atomic ratio after the 72-hour exposure to the test solution. The three regression curves in this figure almost coincided with those in Fig.  5 , which showed the relation between ∆E* and Au/(Au+Ag) atomic ratio. This meant that for all the quaternary alloys designed in the present study, the color difference parameter ∆E* was greatly affected by ∆L* (difference in lightness) rather than by ∆a* (difference in red-green chromaticity index) or ∆b* (difference in yellow-blue chromaticity index). The large decrease in L* value suggested the formation of silver sulfide on the alloy surface.
In Fig. 5 , two pairs of alloys from Groups 1 and 3 -namely, B versus F and C versus G-showed slightly different ∆E* values although they had similar Au/(Au+Ag) atomic ratios respectively. With the pair of alloys B and F, the ∆E* value of alloy F was about 3 points lower than that of alloy B. This agreed with the fractional area result shown in Fig. 4 , in that the fractional area of the matrix in alloy F was smaller by about 20% than that in alloy B. A similar relationship was also recognized for the pair of alloys C and G. Therefore, it was suggested that the fractional area of the matrix partly contributed to the observed discoloration in the alloys with a similar Au/(Au+Ag) atomic ratio.
Treacy and German 8) reported that tarnish resistance was influenced not only by nobility, but also by chemical composition and microstructure, although corrosion resistance was best assured by high nobility. The present study found that the Au/(Au+Ag) atomic ratio was a primary factor controlling the tarnish resistance of the Ag-Au-Pt-Cu quaternary alloys and that the fractional area of the Ag-Au-rich matrix phase additionally contributed to the tarnish discoloration to some extent.
On the potential clinical applicability of the experimental alloys, the observed ∆E* values after 72-hour exposure to the test solution might be a good indicative measure with regard to tarnish resistance. Since a ∆E* value of 3.3 is perceptible clinically 14) , alloys H (35Ag-35Au-10Pt-20Cu in at%) and G (45Ag-25Au-10Pt-20Cu in at%) could be potential candidates for Pd-free low-gold alloys for dental application. Furthermore, with a view to improving the tarnish resistance of the experimental quaternary Ag-based alloys, it might be useful to include a small amount of indium (In) in the alloy composition. On this note, more studies must be carried out in the future to investigate the effect of indium addition.
CONCLUSIONS
The effects of chemical composition and microstructure on the tarnish behavior of experimental Pd-free Ag-AuPt-Cu dental alloys in a 0.1% Na2S aqueous solution at 37°C were investigated. The following conclusions were drawn.
1. Increases in Au/(Au+Ag) atomic ratio significantly improved the tarnish resistance of the alloys. This effect was especially pronounced in the low Au/(Au+Ag) atomic ratio range. 2. For alloys with a similar Au/(Au+Ag) atomic ratio, tarnish discoloration slightly increased with increasing fractional area of the Ag-Au-rich matrix. 3. For the quaternary alloys designed in the present study, the color difference parameter ∆E* was greatly affected by ∆L* rather than by ∆a* or ∆b*. 4. With regard to clinical applicability based on tarnish resistance, two experimental alloys with compositions of 35Ag-35Au-10Pt-20Cu and 45Ag-25Au-10Pt-20Cu in atomic percent were found to be potential candidates for Pd-free low-gold alloys for dental application.
